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Abstract of Thesis Presented to the Graduate Council
of the University of Florida in Partial Fulfillment of the
Requirements for the Degree of Master of Science
A WAVELENGTH MODULATED, CONTINUUM EXCITED FURNACE ATOMIC

FLUORESCENCE SYSTEM FOR THE DETERMINATION OF WEAR
METALS IN JET ENGINE LUBRICATING OILS

By
Thomas F. Wynn, Jr.
March, 1980

Chairman: James D. Winefordner
Major Department: <Chemistry

A historical review is presented of atomic Fluorescence, continuum
excitation and furnace atomization as they apply to wear metal deter-
mination in oils. The theories applicable to atomic fluorescence with
a continuum source, wavelength modulation, signal to noise considerations
and limits of detection are briefly presented.

A system for the measurement of atomic fluorescence is described
that consists of an electrically-heated graphite filament and flame
(Air/C232 or Nzo/czﬁz) atomizer with 300-W Eimac xenon arc continuum
excitation source, a wavelength modulated background connection system
and an optically triggered electronic integrator. This system analyzes
small volume (1 ul) of lubricating oil gquickly and with no pretreatment.

Real jet lubricating oils are analyzed for Cu, Mo and Al and the
determinations are evaluated with respect to the accuracy and repeat-
ability criteria of the Joint 0il Analysis Program.

Sources of errors are discussed along with recommendations for future

work.
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CHAPTER I
INTRODUCTION

‘ The purpose of the analysis of wear metals in engine lubricating
0ils is to diagncse impending engine failures and thus prevent possible
aircraft or personnel loss. The basic premise that this approach is

Y based upon is that all metals found in a lubricating oil sample come
from the deterioration of oil-wetted metallic parts in the engine caused
by friction, heat or chemical action. Further, it is assumed that the
metal concentration in the oil as a function of time is a direct repre-
sentation of the wear rate of the engine component containing the metal
(1). For example, Figure 1 represents a typical wear metal versus time
curve at the top with the corresponding wear rate curve below. The
equivalent wear rate plot is obtained by differentiation of the upper
plot. Focusing on the upper plot, notice the sharp rise of the metal
concentration from A to B during initial creak-in of the engine parct.
Changing of this oil drops the concentration at point C to a low level
which remains nearly congtant until point D. Notice that the differen-
tial curve from C to D is constant and indicates no wear, i.e., normal
operating conditions. After point D, the metal concentration rises
sharply, with a corresponding increase in the wear rate and an impending
failure can be predicted. This time-~dependent trend analysis is the
basis of modemaircraft oil monitoring programs (1, 2). Records are

kept for each engine on each aircraft and any marked change in any metal

concentration is noted and the maintenance section is alerted for possible

E engine failure.




Further information may be obtained by noting which metals increase
in concentration. For example, Table 1 lists the major metal present

in some of the alloyed components of the J-79 and J-69 engines. Note

that in many cases, a particular metal may be traced to a specific engine
component. A sudden increase in Cr content of lubricating oil from a
J-79 engine, for example, is most likely from the main bearing seals. This
information can save a great deal of time and money when troubleshooting
an engine. To provide this information, the analytical technique must
have multielement capability for all of the metals in the engine.

More generally, for an analytical technique to support an on-going
routine wear metal trend analysis program, it must meet the following
criteria:

(i) Be fast enough to allow real-time input into the maintenance
section prior to actual failure of the engine;

(ii) Be simple enough to be operated by technicians with no
scientific background (2); and

{(iii) Be capable of accurate multielement determinations of metals
over a wide concentration range in an extremely complex matrix.

The first two requirements imply an analytical procedure which
requires little or no pretreatment of the oil samples and one which is
adaptable to autcmated control.

The third requirement is the most difficult to solve. Used engine
0il is extremely viscous and normally opaque. O0il volatility, smoking
and flashpoint characteristics can obscure an analyte signal. Further,
the metals of interest are present with many others and spectral line
overlap may present resolution problems. ]

In this study, a carbon filament atomizer is used to effect the
atomization of oil samples without pretreatment. This is due to the

capability of a separate ashing s.ep. In addition, the timing cycles




T

3
are easily automated, simplifying the procedure and reducing the time
of analysis. The filament was placed in an Ar-sheath during the ashing
and cooling cycles to prolong filament life and to provide an inert
atmosphere. During the atomization cycle, a flame surrounds the fila-
ment to minimize cooling of atomized metals and forming of refractory
compounds prior to excitation. This is especially important for those
elements requiring high atomization temperatures.

Atomic fluorescence spectrometry (AFS) is the method of choice for
the determination of the metal concentrations, due to the wide linear
range and high sensitivity. By employing a continuum source, multi-
element analysis is possible with the addition of a direct reader,
although this aspect was not a part of this study.

To complete this system, a wavelength-modulation with a lock-in
amplifier is used to improve the S/N ratio, and an optically-triggered
integrator is installed to improve reproducibility. Both of these
methods aid in extraction of signals from intense backgrounds.

Specific aspects of these methods will be discussed further in the !

section on the theory.




CHAPTER IIT
HISTORICAL

Nearly every analytical technique imaginable has been employed
for monitoring wear metals in lubricating oils. Routine methods
employed include (1): ferrography, x~-ray fluorescence, capacitance
measurements, electron probe microanalysis and magnetic plug inspection.
Some of the non-routine methods used are: mass spectrometry, electron
spin resonance, MYssbauer spectroscopy, scanning electron microscopy
and various methods for the measurement of physical properties of the
0il itself.

The most important of the monitoring techniques are the various
spectroscopic techniques, collectively called the Spectrometric 0Qil
Analysis Program (SOAP) by the U. S. Air Forxce. The railroads, air-
lines, U. S. Navy and the U. 3. Air Force all have active SOAP programs,
the military program dating from 1955 (3,4). The U. S. Navy and Air
Force are both monitored by a single agency termed the Joint 0il
Analysis Program (JOAP) (53).

Currently, the U. S. Air Force SOAP consists of approximately
120 SOAP laboratories located worldwide (3). Of these, the majority
(approximately 80) employ an atomic-emission-spectrometric system with
a rotating carbon disk electrode AC spark excitation source and a
direct reading spectrometer (2,5). The remaining laboratories use
flame atomic absorption systems; however, it is reported that the Air
Force is considering converting these to the emission system, since

the atomic absorption set up requires sample dilution, whereas the




!

5

emission device does not (2,3,4,5). The emission device is capable of
a large number of determinations: Na, 2Zn, V, Mo, Mg, ¢4, Ba, Bo, Ti,
Sn, Si, Pb, Ni, Na, Mg, Cu, Cr, Be, RAl, Ag, Fe (2). On a routine basis,
however, only approximately half of these elements are determined,
depending on the aircraft type from which the oil sample was taken.

For example, the SOAP laboratory at MacDill AFB, FL., calibrated their
spark emission spectrometer only for Fe, Ag, Al, Cr, Cu, Mg, Ni, Si and
Ti and of these makes routine determinations only of Al, Fe, Cu, Ag, Mg
and Ti. Of further interest is the fact that the metal determinations
are recorded only to the nearest ppm, i.e., anything less than 1 orm is
recorded as zero (2,4).

Atomic fluorescence spectroscopy (AFS) as a means of chemical analysis
was introduced in 1964 by Winefordner and Vickers (4) and by Wineforénerxr
and Staab (7) and in 1966 by Dagnalli, West and Young (8).

The use of a continuum source for AFS was first reported bv
Veillon et al. in 1966 (2). The authors used a 150-W xenon arc lamp
of the Osram type and a DC electrcmeter for AFS studies. Further work
was carried out by Ellis and Demers /10), Dagnall et al. (l1i) and Manning
and Heneage (12). 1In 1970, Bratzel et al. evaluated the 150-W Zimac
xenon arc lamp for AFS (13). The authors pointed out that the xenon
arc lamps are generally cheaper, more stable and longer lived than other
AFS sources and they can be used for multielement analysis. In addition,
analytical curves can be predicted accurately with continuum sources.
Bratzel demonstrated the potential of the Eimac for multielement analysis.
Cresser and West (14) employed a 500-W xenon arc lamp Zor the deter-
mination of 13 elements. Fowler and Winefordner (15) studied the back-
ground in AFS observed with an Eimac lamp and recommended wavelength

modulation to reduce broadband fluorescance scatter and source flicker.
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The application of AFS to oil analysis for wear-metals was first

investigated by Smita et al. (16) in 1969. The authors used electrode -
less discharge lamp:s (FDL) for sgurces and a itntal consumption burner
with.aﬂz/Ar/entrained air orﬁg/entrained air flames for atomization.
Satisfactory results were optained for six elements in oil samples.

With the Hzéir flame, dilution of the oil (10:1) with methyl isobutyl
ketone was required.

Miller et al. (5) used a 150-W Eimac Xenon arc lamp as an excita-
tion source and a total-consumption burner withanIE/Ar/air flame for
AFS in oil samples. Again, oil samples were diluted (4:1) with CCl4
prior to use. ‘

Johnson, Plankey and Winefordner (17) employed AFS with a pulsed
xenon arc lamp and a CW xenon arc lamp with a special mirror system
enabling the transfer of nearly all the radiation produced by the lamp
into the flame (air/C2H2 or N20C2H2) atomizer. They concluded that the
CW Eimac produced better limits of detection (LOD) than the pulsed
source. In addition, the pulsed lamp had a limited lifetime.

Later, Johnson et al. (18) used a similar instrumental set up
but employed a chopped 150 W Eimac excitation source for the AFS study
of primary SOAP standards. They obtained data for Ag, Cr, Cu, Fe, Mg,
Ni and Pb with no pretreatment of the oil samples.

In 1975, the same authors {(19) added a computer-controlled, slewed-
scan spectrometer for multielement analysis. Fe, Mg, Cu, Ag and Cr
were determined.

The graphite atomizer began to appear in oil analysis in 1971 when

Brodie and Matousek (20)employed a graphite mini-Massmann furnace to

directly determine Ag, Al, Cu, Cr, Mg, Ni and Pb in lubricating oils.




7

The higher viscosity oils were diluted witli xylene prior to use. The
average relative standard deviation was reported to be less than 4%.
About the same time, Alder and West (21) used a carbon filament in an
Ar sheath to directly determine Ag and Cu in 1 Hl lubricating oil samples
with both AFS and atomic absorption spectrometry (AAS). Omang (22)
used a graphite tube furnace to determine Ni and V in crude petroleum.

In 1979, the flame and furnace were combined by V. P. Borzor et al.
(23, 24). The authors described the use of a carbon rod filament atomizer
in an air/CZH flame to determine Cu in various matrices. The use of

2

the flame was to prevent rapid cooling of the atomized analyte species
above the filament. Later, Amos (25) used a carbon ;od atomizer which
was enclosed in an H flame., 1In 1972, Molnar et al. (26) developed a
similar electrically heated graphite filament which was operated in an
Hz/Ar/entrained air flame. The atomizer was used for AAS of Ag, Cu and
E Fe in oil samples diluted (10:1) with isooctane.

Reeves et al. (27) used the same atomizer for AAS determinations
of Ag, Cr, Cu, Fe, Ni, Pb and Sn in jet and reciprocating oils. USAF
SOAP correlation samples were analyzed with excellent agreement for Ag,
Cu, Fe, Ni and Pb. Chuang and Winefordner (28) and Chuang et al. (29)
used the same atomizer for AAS studies of Ag, Cu, Fe, Mg, Ni, Pb and Sn
in USAF SOAP samples with excellent agreement for all eiements studied.

Patel et al. (30) in 1973 applied the same atomizer for AFS studies.
They obtained data for Ag, Pb and Sn in SOAP organometallic standards.

Patel and Winefordner (31) also used this atomization set up with a

multielement EDL to determine simultaneously Ag and Cu in jet engine

oils, both standards and SOAP correlation samples, with good results.

[
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In 1976, Katskov, Kruglikova and L'vov (32) reported the use of

a resistively heated graphite chamber in an air/C2H2 or NZO/CZH2 flame
with AAS. Determinations of 27 elements, including Ti, V, Mo and Si
in many matrices including oil. Later, the same atomizer was used

by Razumov (33) for AAS and AFS studies.

The work which precipitated this present study was conducted in
1978 by Vaughn (34). They employed the same graphite rod furnace
described by Molnar et al. (26), except that the burner system was
modified to accept a circular burner head in the center of the block
for an air/C2H2 or a NZO/C2H2 flame with an argon outer sheath.
Determinations of Cr, Al and Mo is SOAP oil correleation samples and
aqueous samples by AFS with chopped Eimac 15C0-W sou .  Moderate
agreement (50%) with the USAF SOAP correlation samples was reported
with limits of detection in oil of 0.4 ppm for Cr, 0.3 ppm for Al and
1.0 ppm for Mo.

This study emploved the same graphite rod-burner device, but replaced
the mechanical chopper with an electronically-controlled wavelength
modulator and added two optical transistors, one to trigger an electronic
integrator, the other to measure temperature of the filament. AFS was

conducted with USAF oil correlation samples for Cu, Mo and Al. Specific

differences are discussed in the experimental section.




CHAPTER III1
THEORY

AFS Expressiong

If we assume a sample cell is illuminated along a length L and
cbserved at right angles along length 1 (see Figure 2), there are
four possible illumination and observation profiles as depicted in
(a), (b), (c), (d) (35). Case (b) depicts a cell that is incompletely
illuminated and the fluorescence of the illuminated portion is absorbed
by the unilluminated portion, called post filter eff;ct or self-reversal.
Case (c¢) is a cell that is fully illuminated, however, only a portion
is observed, termed pre-filter effect. Case (d) is a combination of
the two. Case (a) is the idealized case, where the cell is completely
illuminated and observed along the entire length. 1In this case, the
only attenuation effect on the fluorescence emission is self-absorption.
If case (a) is assumed, then in general the radiance of any fluores-

cence transitions can be expressed by (35):

1 Ar* (1)
={— hv v
BF (41r> Auz o M I k*(\))dv]
(4
where: BF = radiance, J s-l m-z Sr-l

.
’

Aul = Eipstein coefficient of spontaneous emission, photons

s © of excited species;

o
<
0l

energy of transition, J;
n_ = concentration of upper level, m °;

k* (V) = net absorption coefficient accounting for induced
emission, m™;

At*(g) = total absorption or equivalent line width as a function

of 1, Hz;
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The term in the large brackets accounts for the self absorption
effect. A more specific expression for a continuum source and for

low optical density is

3

4
2hv A A
_ o Y 1 ufl o 0
ch h 2 LA j Q\)Xg T C 2L ECA gk (AMyai
c Q& o o

or for high optical density is

iz
T %k fa

3 4 o
B <2h\)o > < Y >< 10> AuQ, )\o > (GAD ln 2
e peas Y T
FC . C2 L Auz hv 8 T c 1],2 kod)\D

2Y1ln 2

-

where

= number of excited species/photon,s_lm;

LAuQ,

-1 -2
m ;

1,

ECA = gpectral irradiance of the continuum source, J s

o
GAD = Doppler half-width of the fluorescence line, m; and

a = damping constant, dim~nsionless.

ko = the peak absorption coefficent for noppler broadening,m_

A correction for post filter effect can be represented by (36):

Ap (g + 00) | (Ag)

; Y
Fpo T Ag (R) and, if £ = LI
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F = A (LIE + 1)) -Ag (1€) , further
po Ag (Q)
Fpo = 1 at low optical density, or
Fpo = \/E +1 - \/& at high optical density.
The pre-filter effect correction is (36):
F = Ar(L + AL)-A.(AL) and if ¢ = AL
|39 At(L) L
p = Ae(LiY + 11) -A¢ (L)
pr At (L)
and .
Fpr =1 if at low optical density or

Fpr =.¥/$7+ 1 —\/ Y if at high optical density.
For practical applications, an instrumental constant k should be
included, which converts radiant flux incident upon the monochromator
entrance slit into photomultiplier (PM) detector signal (37).
From these intensity relationships, the shape of the analytical
curves of growth can be predicted. For a given atom, line and flame,

the quantities a, Y, SAD, L, %2 and ko are constant. For a given source,

E

A is constant. Only a and Y are moderately dependent on flame
o

temperature and flame composition. In the ideal case, it can be shown

that (37) BAF

" is directly proportional to n and the log BAFC vs log n

plot should be linear with a slope of 1 at low optical densities and
0.0 at high optical densities. Note, however, that neither case can be
applied to an intermediate region. Prefilter and post filter effects

cause BAF to be smaller than expected.

A
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Winefordner (38) related the peak atomic concentration n in atoms
cm-3 of analyte in a graphite cell to the analyte concentration c in
moles/]1 introduced into the cell by:

20
n=6x10 VCEB/QC

where:
. 3
vV = volume of solution, cm ;
€ = degree of aspiration, dimensionless;
B = degree of atomization, dimensionless; and
. 3
Ve = internal volume of the cell, cm™.

Further, the major advantage of a graphite furnace,6which is the
' !
ability to atomize extremely small samples, is demonstrated by a ratio :

of the above expression to a similar one for flames. The result is

R =60 [(V/V) (€B)/(F/Qe ) (€B) ] ;

where

Q is the flow rate of the unburnt gases into the flame in cm3 s-l;
and eF is the gas expansion factor for the flame. Subscript G indicates
graphite furnace, subscript F indicates flame.

Typical values substituted into this ratio give R = 600. This can
be explained by the smaller expansion of the analyte in furnaces, and
(EB)F is usually less than unity.

It should be pointed out that the analyte concentration over the
filament is a complex time-dependent function; factors involved include:
samples size; analyte concentration in the sample; porosity of filament;

area of coverage; temperature of the filament; the temperature rise time

of the filament; the atomizing temperature of the analyte; matrix inter-

ferences; and other factors.
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Wavelength Modulation - S/N Considerations

Wavelength modulation refers to the technique where the wave~
length is oscillated over a small spectral interval, AX, centered
on some Ao of interest. This produces an AC signal which is normally
demodulated by a lock-inamplifier. A graphical representation is
presented in Figure 3 (39). 1If the AX is centered on Ao' the fre-~
quency of the resulting AC signal is 2f, where f = modulation fre-
quency. A much larger signal is obtained by getting A} slightly off
the peak and the resulting signal is atl f. Notice that atl £,

a single scan is an approximation of the first derivative, while the
2 f is an approximation of the second derivative (seé Figure 4) (40).
These are only approximations due to the large AA in relation to the
line width. It can be assumed, therefore,that al f signal is the

best selection when the analyte line is amidst a relatively flat
background. Note that if there is a sloping background, however, the
1 f mode will give an erroneous signal. This will not occur in the

2 f mode, as long as the background is broad-ba.d, with no peaks in
the A\ region. Epstein and O'Haver (41) have demonstrated this ex-
perimentally.

The lock-in amplifier employs a phase-sensitive detector to compare
input signals with the reference frequency 1 f or 2 f of the oscillator.
Figure 5 (42) graphically illustrates the dc output of a lock-in if
the input signal is in phase with the reference i.e., 6=0°. Figure 6
shows the effect of a 8=90° sicnal input. Notice the output is zero.
If the signal input is 180° out of phase, Figure 7 demonstrates the
negative output. Phases other than 0°, 90° and 180° give intermediate

results.
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Thus, for a PM detection system, if the phase is set up so

that the analyte signal is in phase with the reference signal, only
light in phase with the analyte will give the maximum dc¢ output.
All other sources of interferences that are not in phase with the
analyte signal will give a negative (opposite polarity) dc output
or at worst a smaller positive polarity output. This accounts for
the ability of the lock-in amplifier to extract signals from large
noise backgrounds.

To compare wavelength modulation with other modulation methods,
e.g. amplitude modulation (AM), sample modulation (SM) and unmodulated
continuous wave (CW), a general S/N ratio for lumine;cence signals,

SL' with differing parameters for each method was presented by Boutilier
et al. (43) and is reproduced here in Table 2. Notice that the WM
method offers an improvement in scatter source flicker noise, inter-
ference luminescence flicker and analyte flicker over the AM treatment.
None of the modulation techniques offer improvement in the case of

shot noise.

In the operation of a filament furnace, variable atomization rates
cause a loss of precision. Several authors (24, 44) have recommended
the use of an integrator to improve precision. 1In addition, an optical
trigger, as employed, gives more reproducible triggering, reduced drift

and further improved precision.

Limit of Detection, Sensitivity and Precision

In this study, any reference to sensitivity refers to the slope
of the calibration curve S, i.e., the slope of a plot of ¢ versus signal.

Further, as is cgsgomary, the standard deviation is
(%, =X)
i

ol where X is the mean of n measurements.
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and the precision is represented by the relative standard deviation
(R3D) :

s s
RSD=-7- or%RSD=€ x 100

The limit of detection is defined (45) as:
X =X
LT 7

where Xr is the limiting detectable measure including the blank, and

;b is the mean blank measurement. Sc:

= X -+
XL b ksb

where k is a protection factor and Sp is the standard deviation of the

blank. Normally, k is defined as 3, therefore the practical expression

3
is C. = -fE
L S :

This corresponds to a practical confidence level of 90%. Also the
RSD is about 0.5 at the LOD.

All of these expressions are consistent with IUPAC (46) as published

in 1978.




CHAPTER 1V
EXPERIMENTAL

Apparatus and General Layout

A schematic depicting the experimental set up is shown in
Figure 8. Instrumentation and parameters are given in Table 3.
Asterisks mark the additions and changes made to the experimental
set up as studied by Vaughn (34) and are discussed at length below.
Optical alignment was accomplished through the use of a Spectra-
Physics He-Ne laser, the Eimac lamp was focused to a spot5mm in dia
4mm above the center of the filament with the geometry as depicted
in Figure 8. Not shown is an improved light trap (Figure 9), machined
from aluminum and painted flat black,that fits over the burner head.
A second, larger light trap (Figure 10) was used to shield the area
between the burner and the monochromator from other light in the room.

Wavelength Modulation System

The wavelength modulator used in this study was designed by Epstein
and O‘'Haver (41) and constructed locally by Epstein. The system consisted

of three units: a torque motor oscillated plate within the monochromator,

an 80 Hz function generator (oscillator) used to reference the lock-in

and drive the torque motor amplifier. Figqgure 11 depicts schematically

the layout of these components. The electrical schematics of the function

generator and the torque motor drive amplifier are depicted in Appendix A.
By adjusting the AM control potentiometer on the function generator,

I

L]
the AA interval could be adjusted from O to 3A maximum AXA. A calibration

curve was constructed in Figure 12 depicting optimum A) interval versus

16
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slit width. These values were obtained by Epstein and were confirmed
during the course of this work.

In their previously mentioned work (41), Epstein and O'Haver pre-
sented a method for estimating AX by centering a monochromator on a
line, taking the PM tube output directly to an oscilloscope that had
as the horizontal axis the modulating frequency and varying AA until
the line shape showed no tailing. Figure 13 depicts the resulting
display fer three cases. Case (a) represents a large A\, i.e.,

A\ >> 2 s, where s is the spectral bandpass of the monochromator.

If AA is narrowed until the tailing or background is removed, A\ = 2s,
and this is the optimum on-the-peak or 2 f modulation case, shown in
(b). The last case (c) is where A\ = 1s and 2 f signal is at a minimum,
1 f signal is at a maximum. This technique is extremely useful for
setting up on a particular line. Using this technique, an optimum

slit width setting of 100 um and a AA of 2.4 ; was determined.

The monochromator can be further fine-tuned on the line by employing
the lock-in amplifier phase angle adjustment. Notice that by varying
the phase angle‘from 0 to 360°, the output is the same as if the mono-
chromator had been scanned from )\O-AX to )\O+A)\ (refer to Figure 3).

So, in the first derivative mode, i.e., at 1 £ on the lockin, the signal
will cross zero at the actual peak of the line. This will also corres-
pond to the maximum 2 f signal. Figure 14 is a typical plot of a HCL
signal versus phase angle for both 1 f and 2 f when the monochromator

is set on the peak. As expected, the 1 f signal is small compared to
the 2 £ signal. Also notice that to ensure the correct phase angle

for maximum signal once the zero point of the 1 f has been determined,

the phase angle in the 2 f mode is adjusted to zero and then exactly

1 e A g g bt 1 e
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+ 90°. Note from Figure 14 that this will guarantee the maximum 2 f
signal. This is the technique that was routinely employed for setting
up on a line, and for adjusting for monochromator drift during measure-
ments.

Atomizer and Optical Transistor Mounts

The atomizer (see Figure 15) consisted of a cylindrical bakelite
block 8.2 cm in diameter and 2.6 cm high with water cooled blocks on
either side which were electrodes and supports for the filament. The
graphite filaments were machined locally from 0.254 in diameter rods
from the stock listed in Table 4 to the dimensions depicted in Figure 16.
The filament was held in place and electrical contact made through
set screws in the copper blocks.

An aluminum block with 56 holes 1.3 mmin diameter was inserted in
the block to entrain an Ar sheath around the filament. A capillary
burner, consisting of 83 capillary tubes 1.0 mminside diameter and 3.8 cm
long supported the N20/C2H2 or air/C2H2 flame.

As mentioned earlier, two optical transistors were employed in this
system, one for optical triggering and one for temperature measurements.

L]
To insure reproducibility, it was decided to permanently mount the optical
transistors in the bakelite block with the lens permanently fixed on
the center of the filament. Figure 17 illustrates the brass holder
design which both held the transistor in a permanent position and
provided a means for attenuation of the filament radiation intensity to
useable levels. 1In Figure 17 (a), the lower temperature cap is depicted.

This cap was used for low temperature measurements and to trigger the

integrator. The neutral density filter was 1/8 in thick. 1In Figure 17

(b}, the higher temperature cap is shown. The 1/64 in hole through 1/8 in




19

of brass gave excellent attenuation and did not require a filter. This
cap was used for higher temperature measurements.

The mounting channels in the bakelite block are depicted in Figure
18 (a) and (b). Notice the transistor holder is recessed in the bakelite
for temperature protection. After several months, the bakelite burned
away (especially when using the NZO/CZHZ flame) and exposed the holder
and the cap had to be shortened to allow further recess. Eventually,
a mica window was placed over the holder to protect from the extreme
temperature. Otherwise, a long cooling period was required before the
transistor would function properly again.

Temperature Calibration With The Optical Transistors

One of the primary reasons for the use of the optical transistors
was to obtain fast estimate of temperatures. Vaughn (34) noted that
as a filament aged, the temperature rose even though the programmer
settings had not been adjusted. This was because the diameter became
smaller as the rilament oxidized and the resistance therefore increased.
Since an optical transistor reads intensity directly, a good estimate of
the temperaturq can be made instantly, regardless of the age of the
filament.

To accomplish this end, a biasing circuit was built (Figure 19)
that gave an output at Vout that was proportional to the current across
RL' and the current through the transistor is proportional to the in-
tensity of the light impinged upon it;: R.L was adjustable to allow a
change in the temperature measurement range.

Calibration was carried out with the set-up shown in Figure 20;
the voltage output of the bias circuit was compared to the temperature

readout of a W-W/26% Rh thermocouple (Omega engineering, Inc. Stamford,
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Conn. 06907). For temperatures above the thermocouple limit (2300°C),

an optical pyrometer was used. The resulting calibration curves are
given in Figure 21. These curves became extremely important for monitor-
ing filament temperatures when determining Mo and Al due to the higher
atomization temperatures involved.

Optically Triggered Gated Integrator

The second optical trigger was used to trigger the gated integrator,
a locally-designed and constructed instrument (47). The electrical
schematic is given in Appendix B. The integrator had provisions for a
temperature adjustment to control the threshold of the trigger, a delay
time adjustment that allowed a delay between the triéger pulse and the
beginning of the gate, and a gate time adjustment. The setting of these
two parameters was critical for precision. For example, Figure 22 is
a typical oscilloscope trace for a copper fluorescence. Notice the
gate is set so that Tdelay=o and that Tgate is set to approximately
where the signal returns to the baseline. It is obvious that any sig-
nificant Tdelay would chop off the first part of the peak. Also, Tgate
must be long enough to include all of the peak, but not so long as to
greatly reduce sensitivity. An even more important example is shown
in Figure 23, a trace of 50ppmof Mo in a N20/C2H2 flame. Since the
most sensitive line of Mo is at 313.2nm, OH interference from the flame
is intense. 1In addition, the Mo is atomized more slowly. The result
is that initially there is a negative signal (180° out of phase) until
the Mo begins to atomize. It is obvious in this case that the choice
of delay time can radically affect the integrated result. Also, as

the filament ages, it heats more quickly and the analyte peak shiftg

to the left and is narrower. Therefore, as the filament ages, both
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must be reduced. For this reason, the output of

T arT
delay an gate

the lock-in amplifier was continually monitored on an oscilloscope ?
triggered with the integrator trigger and adjustments made as necessary.
Standards

Standards employed were the Special Spectrometric Calibration Stand-
ards obtained from the Naval Air Rework Facility, Naval Air Station,
Pensacola, FL. These standards contain the elements Al, Cr, Cu, Fe,
Pb, Mg, Ni, 5i, Ag, Mo, Sn and Ti at concentrations of 3, 10, 30, 50
and 100 ppm. The base oil was Conostan 85. Standards of 0.1, 1, and 5 ppm
were obtained by diluting the SOAP standards with base oil by weight.
The oil correlation samples analyzed were synthetic and real samples
that had been analyzed independently by the labs in JOAP and the results
correlated.

Experimental Procedures

All samples were introduced with a calibrated 1 pl Micropettor A
syringe (Scientific Manufacturing Industries, Emeryville, CA 94608)
and the capillaries disposed of between samples. In addition, a separate
Micropettor was used for the blank to prevent blank contamination.

The N_ O flame was adjusted to a red feather to help reduce oxide

2

formation (48) with the resulting flow rates of 7.2 1 min"1 for N20 and

4.3 mi.n-l for C2H2, gas flows measured with rotometers calibrated in 4
1 min—l. The Ar flow was 2.2 1 min-1 for the optimized signal for this
system as reported by Vaughn (34).

Since oil standards were being used, ashing was a must, with
temperature and time of ashing adjusted to complete smoke formation prior

to atomization. Smoke during the atomization cycle resulted in huge

scatter induced fluctuations which normally saturated the lock-in amplifier.

Typical values were 800°C and 15s for the ashing cycle.




I L A Sk IR A b Il S

22

Attempts were made to obtain complete calibration curves, but ex-
tremely short filament lifetimes made this difficult. Therefore, all
the correlation samples were determined by bracketing the unknown
with standards of known concentrations. Some of the samples were
determined with only one standard. In any event, all readings were
paired, eg., standard-blank-unknown-blank-etc.

All integration values were obtained from the DVM. The integration
gate was monitored by a light emitting diode which was illuminated
during the gate cycle. The lock-in signal was monitored on the oscillo-
scope, as was the temperature readout of the optical transistor.

The fluorescence lines used were 324.7 nmfor Cu) 313.3 nm for Mo,
394.4 nm for Al; all lines were recommended by Parson's et al. (49).

The filament temperatures for the elements were: Cu - 2300°K,

Mo - 2950°K, Al - 2800°K. These were the minimum temperatures used for
analysis of these elements. The values were determined by plotting a
series of determinations of the same standard and increasing the tempera-
ture until the value of the concentration determination stabilized,

indicating that all of the analyte had been atomized.




CHAPTER V
RESULTS

The results of the o0il analysis are given in Table 4. Data for
§ Mo wereobtained only for samples 193 and 124 as explained in note (c).
Mechanical and electrical failures prevented completion of the analysis
of 193-198 for Al. The criteria for repeatability and accuracy are
determined by plotting the paired sample values and measuring if the
plot falls within allotted tolerances, determined by JOAP for each pair.
For example, Figure 24 illustrates the procedure for‘samples 183 and 184.
After the JOAP trimmed mean and criteria are plotted, the experimental

data obtained in this work is plotted, and it falls within the area;

so samples 183 and 184 meet JOAP criteria. Figure 25 is another example

for Mo.

There was enough data for Cu for a calibration curve, which is
given in Figure 26. From the slope of this curve and the best blank
standard deviation over five runs on a single filament, the LOD for Cu
for this technique can be reported as 0.0Sppmor 9 x 10_119. The LOD
for Mo for a single filament can be estimated to be 0.4 ppmor 4 x lo_log.
The LOD for Al was not determined, but it is less than 1 ppm.

The high end of the linear range was not determined, since extremely

large concentrations of these metals are not expected in oil samples.

In any event, the linear range extends past 100ppm for all three elements.
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CHAPTER VI
DISCUSSION

The results obtained in this study compared extremely well
with the JOAP correlation results for both real and synthetic samples.
All of the sample pairs determined met the JOAP criteria. This
compares with 50% of the 6 pairs studied with the previous system by
vaughn (34). The limit of detection for Mo was approximately 50%
better also. The overall RSD for the Cu runs was 5.7%, which is
excellent for a graphite atomizer.

The system has great future potential due to the ease with which
the system could be automated. With the optically triggered integrator
and a programmed timer, the operator merely has to inject a sample,
press a button and read the value directly off of a DVM. The technique
definitely has potential for rapid work also, the actual analysis on
the machine taking only approximately 20 s.

The major concern and the suggested area for further study is
filament life and stability. This author confirmed that the filament
temperature riser from run to run. In fact, when working in a
NZO/CZHZ flame, the filament often increased 300°C or more. In addition,
not only did the maximum temperature increase, but the rate of temp-
erature increase also was greater. This certainly reduced the precision
considerably. A possible solution is some type of differentiating and
comparator circuit which will sense a change in the slope and change

the power input to keep it constant. Pyrolytic treatment of the graphite
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may also improve the filament life, although the POCO FX91 is
supposedly treated to > 2500°C prior to delivery. Other possibilities
include a larger filament diameter, or a different shape. 1In any
event, in the opinion of this author, filament oxidation is the major
cause for loss of precision.

The small sample size also introduces uncertainty since the oil
samples are not necessarily homogeneous. In fact, shaking of the oil
samples is a must. Further, the metal particle size in the oil affects
the result, although probably to a lesser extent with the gated integrator.
For example, Saba and Eisentraut(3) point out that Mo is definitely
particle size dependent. y

Matrix-related interferences may include chémical interferences,
occlusion of the analyte or spectral overlap. However, Krasowski and
Copeland (50) point out that there is little agreement as to the primary
causes of matrix interferences in furnace atomization.

Normally, with a modulated system and good electronics, electronic
noise is of minimal importance. It was noticed, however, that the SCR
power supply often caused oscillations of + 0.5 V when on, and when
looking at very low concentrations became the major noise source. It is
suspected that RF generated by the large power surges through the lines
is the cause. It is suggested that the SCR be moved and shielded prior

to further study.

. | S




{ TABLE 1
MAJOR METAL CONSTITUENT OF ALLOYED J-69 AND J-79 ENGINE COMPONENTS

Engine: J-79 Aircraft: F-4, A-5°

Metal Component
Fe Main bearing housing
Cu Main bearing cages
Al, Mg Main gearbox castings
Cr Main bearing seal rgces
. . b
Mo Transfer gearbox, bearing housings

Engine: J~69-T-29 Aircraft: T-37c

Cu (Ag, Sn) Front bearing cage

Fe Front bearing balls and races
Fe, Al (Cr) 0il pump

Al, Mg Accessory housing

& paken from USAF Technical Order TO-33-1-37, MacDill SOAP lab., p.6-37.
bFrom C.S.Saba and K.J.Eisentraut, anal. Chem., 51, 1927(1979).
cFrom USAF J-69-T-29 Turbojet Engine Trouble Shooting Guide, Fig. FO-32.
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TABLE 2
GENERAL SIGNAL~TO-NOISE RATIO EXPRESSIONS FOR LUMINESCENCE SPECTROMETRY
WITH DEFINITION OF TERMS

s .
NL
sL
2 2 2 2 2 2 r u 2. .p q 2 W, 2 W, 2
+ + +2 + + +2 +[2
'/NLS+NES+N1fs+Nss+Nas Npg* (Npp*2 Ngpt2 NIfF) 27 (Npp+2 Npp) +{2 Npp 1+ (27N, )
Measurement mode p q r u w
CW 1 1 1 1 1
AM 0 1/2 1 1 1/2
WM 1 1/2 1/2 1/2 1/2
sM 1 0 o' 0 1/2
where:
NES = analyte emission shot noise;
NBS = background emission shot noise;
NDS = detector shot noise;
NLS = analyte luminescence shot noise;
NSs = scatter (source) shot noise;
NI s~ interferent ( in sample/blank) luminescence shot noise;

f
ZWNA = amplifier readout noise;

NEF = analyte emission flicker noise;

ZqNBF = background emission flicker noise;

2WNDF = detector dark flicker noise;

2rNSF = scatter (source) flicker noise;

ZUNI F o interferent (in sample/blank) luminescence flicer noise;
NLF £ analyte luminescence flicker noise; and

S_ = analyte luminescence signal.
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TABLE 3
INSTRUMENTATION AND PARAMETERS

Component Model No.

Company

Monochromator Jarrel Ash 0.5m, Ebert mount,
Model 82-000, § angle at
400nm, adjustable curved
slits 100im, 7mmslit height

Detector Photomultiplier tube, 900V
Detector Power Model 402M Fluke power supply
Supply

Amplifier Ithaco Lock-in Synchronous

Detector Model 391A with
1 £ and 2 £ modes, 400 ms TC

Preamplifier Ithaco Model 164 with 104,
10°, 108 v/A settings

Furnace graphite POCO Spectrographic electrode
rods, grades FXI and* FX9I
(FXI now AXF5QD61)
*Bay Carbon BCI-100HD

Furnace Power SCR Power Supply, Model 10~
Supply 250
Excitation Source 300 W Eimac xenon arc lamp
at 20 A

Hollow Cathode
Lamp

Programming/
Timing Unit
Lenses 2 in dia spherical

Mirror 6 in spherical

continued

Jarrell-Ash Co.,
Newtonville, MA
02160

John Fluke Mfg. Co.,
Seattle, WA

Ithaco, Ithaca, NY
14850

Pocographite, Inc.
Decatur, TX 76234

Bay Carbon, Inc.
Bay City, M 48707

Electronic Measure-
ments, Inc.
Oceanport, NJ 07757

Varian Associates,
Eimac Division,
San Carlos, CA 94070

Varian Associates,
Eimac Division,

San Carlos, CA 94070

Locally constructed(34)




TABLE 3-continued

Component
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Model No. Company

Atomizer

*Wavelength Modulation
Function Generator and
Torque Motor Driver

*Quartz Refractor Plate

*Torque Motor

*Modulation Frequency

*Integrator

*Optical Transistor

*Output DVM

]

*Recording Oscillo-
scope

Locally-constructed
described in text

Locally-constructed
described in text

Spectrosil, 1. x 1, Xx
in in

1/8in

Mechanics for Elec- MFE Corp., Keewadin,
tronics Series Dr., Salem, NH 03079
RA-077

80 Hz

Optically triggered Locally-constructed,

described below

Mounts locally-construct-
ed, described below

Model 8000A Fluke
digital volt meter

Tektronix Model 549 Tektronix, Inc., S. W.
storage scope with 1Al Millikan Way, Beaverton,
dual trace plug-in and OR 97005

an oscilloscope camera

*

Indicates additions or changes to original system as studied by Vaughn (34)
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Figure 1: Time relationship of wear metal concentration in lubricating
0il (top curve) and the equivalent wear rate of the engine
{(bottom) derived from the top curve by differentiation
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(a) Complete illumination-complete
measurement of fluorescence

IN

measurement of fluorescence

S——
’::;/7 KN
( -;— {b) Incomplete illumination-complete
AL
S

L\
N
<
~

(¢c) Complete illumination-incomplete

r/// 2 measurement of fluorescence
/Al

<
Pl
~

)(—AL*— L —)1
/';;//f ‘T’
/// i (d) Incomplete illumination-incomplete
‘*‘ measurement of fluorescence
\\\ AL
> N 4
\ W

Figure 2: Different illumination and observation geometries in a practical
fluorescence set-up.

.
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Intensity (a) First derivative of signal, taken at 1 f

l
I
l
!
I
|
T

l

{
!

(b) Second derivative of Signal, taken at 2 f

Figure 4: Typical waveforms at 1 £ and 2 £, where f is the freguency of
the modulation signal. The derivatives are only approximate,
=ince AXA is not infinitessimally small.
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Figure 5: Signal of interest is in phase with the reference signal

(i.e. 89 = C°) and Ehe output signal is at the maximum

value: E out = — E
DC T max
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Figure 6: Signal of interest is 90° out of phase with reference (i.e.3= 90°)
with a resulting net DC ocutput of zero
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Signal input is 180° out of phase with the reference signal.

The output is the same as in the 2 =
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PMT

Pre
amp

Monochromator

- = w—— — = —

Torque motor

drive amp

Function
generator

\

>

Lockin amplifier

Output to integrator

Figure 11:

Schematic depicting the geometry and flow diagram for the quartz

refractor plate and torque motor (A) and the oscillator and
driver circuits. (See Appendix A for more circuit information.)
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Figure 12: Calibration curve for wavelength modulation svstem. Plot
depicts the optimum gain setting versus slit width. The
value is determined by observing peak shape on an oscilloscope
while varying the AA, slit width constant. When the peak
shape is that of Figure 13 (b), i.e. AA = 2 s, signal condi-

F tions are optimum




42

I\
—/
P

| £

—_——————
. i

(a) AA>>2s, S = spectral bandpass

' j
i

(b) AX = 25; 2 f signal max.; 1 £ signal min.

R R

i ! } {

{c) AA = D; 2 f signal min.; 1 f signal max.

Figure 13: Estimation of AA and optimization of signal. These are
typical oscilloscope traces of an atomic emission (HCL) j
line being wavelength modulated. If A) is large as in (a),
the background appears. At the optimum conditions for a2 f
signal (b) only the peak appears. At optimuml f conditions,
only half the peak is visible
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Burner top

Optical _
transistor holder

Air/C H,
~ 4L

/= Graphite rod

~Optical
//4://// transistor

//)7H20 out

L%-——v

s

& Electrode

Oy

Figure 1S5: Depiction of the combination graphite filament furnace

and flame atomizer showing the location of the optical

transistors
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= 1/2 —=sec l] — =

L— No. 55 drill
0.050 deep

b~

Rod diameter=0.254

Figure 16: Graphite filament design. Materials as described in
Table 3. 2all dimensions in inches
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: —_ S Ccap
Optical . P i
N machined to 13/32
transistor . é;‘, /
<

T : ———— B
-=:::f?;—ﬂ)

eutral
densits
Insulated leads N 7
Zilter
(a) Transistor holder with low temperature and trigger cap.
Tabe is 1/4 in. stainless steel or brass’>wagelcc fitting.

-7 1/64 drili

—~*1/3

(b) This drawing depicts the cap used for the high temperature
measurements. No filters were reguired.

Figure 17: Design of optical transistor holder (designed and constructed
by the author). All dimensions in inches
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Figure 19:
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Enclosure

Biasing circuit for the optical transistor for filament
terperaturs measurements. Vpjag was + lSVdc. "R, was a
ten-turn potentiometer which was used to vary thé temp-
erature response range of the transistor. R, was externallv
mounted for ease of fixing ranges. Normally R, = O.
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Block diagram representing the scheme for the optical transistor
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to match transistor output with recorder scale. 3hort switch
was used to svynch the recording strips
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Intensity

volt

time (0.5 s/3iv)

Figure 22: Typical oscilloscope trace for a Cu signal for setting
the integration time (Ty,.). Upper trace is a Cu
fluorescence signal.
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! |
i .

time (0.5 s/div)

Figure 23: A second example of the setting of Tint and the delay
time (TD). 50 ppm Mo trace at top. Notice negative
signal at the beginning due to the out of phase N O/C,,Hﬁ
noise. Drop at the end due to flame pop when extinguisfiing
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- CHAPTER VIII
CONCLUSIONS AND FUTURE WORK

The addition of wavelength modulation and optically-triggered

integration offered a definite improvement over the system as studied
by Vaughn (34). The % RSD values were much lower than in Vaughn's

work, ranging from 2-30% at the higher temperatures (> 24C0°C) and

2-6% at 2000°C. The system was successful in determining Cu, Mc and
Al in real jet lubricating oils, with LOD values of 0.09czpm, 0.4 pnm
and < 1 pprm,respectively.

The major source cof uncertainty was the rapid deterioration
of the filament, agreeing with the conclusions of Vaughn (34).
Puture work snould concentrate on this problem initially. Possible
solutions include pyrolysis of the filament, changes in filament shape
and design and the use of a more sophisticated optical-transit-r
driven temperature control system.

Once the filament has been stabilized, study should include
further automation using microprocessors, and multielement adaptation

with a direct reader.
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APPENDIX A
WAVELENGTH MODULATOR SCHEMATIC

The wavelength modulator circuit as presented in Figure 27 consists
of only three major components, an oscillator, a buffer amplifier and
a power amplifier to drive the torque motor.
The oscillator is an 8038 astable multifribrator set up for 30 HZ.
This IC has both a sine and a square wave output. The sine wave is
used to drive the torque motor. The square wave is used to reference
the lock-in amplifier and is attenuated with a voltage divider to 1-2V
peak to peak.
A 747 operational amp (a dual 741) is used to buffer both the outputs.
The power amp is an SI-1020G and the gain is adiusted via a 10 ¥, pot.
Not shown is the 50 Vpower supply required by the SI-10206; however
it is simply a transformer, a full wave bridge rectifier and nipple capa-

citor.
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APPENDIX B
OPTICALLY-TRIGGERED GATED INTEGRATOR SCHEMATIC

In this schematic, the integrator has been divided into three
sections:

1) Triggering circuit, Figure 28,

2) Gate control circuit, Figure 29,

3) Signal integration circuit, Figure 30.
These are discussed separately below.

The trigger circuit consists of an optical transistor Qi which is
biased so that light striking the transistor will create a voltage
drop which will cause OAl to give a full positive output. This provides
the triggering pulse for the gating circuit when S{ is in the internal
position. OAl is in a voltage comparator configuration, and the thresh-
old voltage may be adjusted by Ry, the temperature potentiometer.

Capacitor C, AC couples the pulse to the gate circuit, to provide a

1
fast spike which is required to trigger the 1lC's. Diode D2 prevents a
negative spike occuring when the pulse shuts off, as this would re-
trigger the gate. The trigger circuit also has a manual trigger which
simply puts +12 volts directly to the gate circuit; AC coupled by Cl'
A trigger monitor is also provided, which is normally used as an oscillo-
scope trigger.

The gating control circuit consists of three CMOS 1C's set up for

monostable oscillator operation and one JFET Quad bilateral switch.

IC1l controls the delay time through an adjustable RC. 1IC2 is triggered
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by the ICl output dropping to zero after the selected delay time is
over. IC2 then closes one of the switches in IC4 to allow the input
signal to the integrator circuit. The gate remains open until the
selected RC time is over. IC3 is a reset timer which closes another
switch in IC4 after 15 sec. to discharge the integration capacitor.
A manual reset is provided which supplies +12 volts to the master
reset pins of ICl1l, IC2 and IC3.

Q2 is a transistor set up as a voltage follower to provide power
for LED normally plugged into the gate monitor.

The integrator circuit includes OA2, which is simply a gain ampli-
fier, with adjustable gain from 0.001X to 10X. When the gate is open,

the amplified signal passes to OA, which is the integrator. Three

3
integration times are available through a RC selection switch. This
integration time is independent of the gate time. O0A4 is simply an
inverting amplifier, used only if an inverted output is desired.

Not shown is the 12 volt power supply and the many isolation

capacitors and trimming circuits.

The following is a list of components:

OAl, OA4 741

0A2 AD40J

0A3 AD40K

icl, Ic2, Ic3 €p4047

Ic4 LS13202

0 TIL67-T1202
0, 2N2222

Diodes 1N914
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